Clarifying evolutionary processes that initiate and maintain species diversity is a central aim of natural biodiversity studies (Givnish & Sytsma 2000; Andrew et al. 2013; Grant & Grant 2017) . Because hybridization can generate genetic variation acted on by selection at higher rates than mutation, it has been proposed that it may often play an important role in evolutionary divergence, adaptation and speciation (Seehausen 2004; Mallet 2007; Rieseberg & Willis 2007; Abbott et al. 2013; Arnold & Kunte 2017) . In the last twenty years or so, considerable evidence of gene exchange between diverging taxa has accumulated (Harrison & Larson 2014; Abbott 2017; Suarez-Gonzalez et al. 2018a ), leading to the belief that a reticulate pattern of evolution (particularly apparent for closely related taxa) is a more reasonable evolutionary paradigm than a tree-like pattern within many groups of organisms (Linder & Rieseberg 2004; Arnold 2015) . However, to date, the contribution of hybridization and introgression to the diversification of extant taxa has not been verified in detail, largely because appropriate methods of analysis and genome-scale datasets were unavailable until recently (Abbott et al. 2016; Lexer et al. 2016; Payseur & Rieseberg 2016; Pease et al. 2016; Leroy et al. 2017; Suarez-Gonzalez et al. 2018b) . Thus, no empirical study has yet indicated how introgression across the genome may have altered the genetic composition of recipient taxa and increased their divergence within a species complex during the course of its evolution.
In the present study, we used the Picea likiangensis species complex of spruce taxa as a system for testing if evolutionary divergence within this complex followed a reticulate or tree-like pattern, and secondly to clarify the role of introgression in promoting differentiation between diverging taxa. Traditionally, the Picea likiangensis species complex has been thought to comprise three varieties of the species (rubescens, likiangensis and linzhiensis) that exhibit reduced density of stomatal lines on the abaxial surfaces of leaves relative to most other Picea species (Fu et al. 1999) . Recent studies, however, indicate that P. brachytyla var. complanata, which has no stomatal lines on its abaxial leaf surfaces, should also be included in this complex (Ru et al. 2016) . These four taxa occupy sites that differ in environmental conditions and have distinct geographical ranges ( Fig. 1) , spanning the Hengduan-Himalayan biodiversity hotspot in Asia (Fu et al. 1999; Li et al. 2010; Li et al. 2013; Lockwood et al. 2013; Wang et al. 2017) . Analyses of molecular genetic variation have shown that the taxa are genetically differentiated (Li et al. 2013; Ru et al. 2016) , however their evolutionary relationships remain incompletely resolved. Nuclear phylogenies have short branch lengths and vary in topology according to the nuclear genes analysed (Li et al. 2013; Ru et al. 2016) , indicating that the four taxa may have diversified rapidly and that hybridization and gene flow occurred during diversification (Li et al. 2013; Lockwood et al. 2013; Ran et al. 2015; Ru et al. 2016) .
Here, we examine these possibilities further through population genomic analysis. First, we test whether the P. likiangensis species complex originated by means of rapid diversification involving hybridization among the four taxa or alternatively in a tree-like scenario of evolutionary divergence in which hybridization played no substantial role during diversification. Second, having shown that reticulation was important in the evolution of the P. likiangensis species complex, we examine how introgression contributed to the divergence of taxa within the complex.
Methods

PLANT MATERIAL AND RNA SEQUENCING
We collected young leaves from 62 trees throughout the range of the P. likiangensis species complex (Table 1) . Trees from each population were spaced at least 100 m apart. We also sampled leaves from one P. breweriana tree used as an outgroup. We extracted RNA from fresh mature leaf needles collected from first year branches of each selected tree and stored it in liquid nitrogen in the field. Libraries were constructed individually using a NEBNext ® Ultra™ RNA Library Prep Kit for Illumina ® (NEB, USA). Subsequently, standard RNAseq procedures (Wang et al. 2009; Jiang et al. 2011) and an Illumina HiSeq 2500 platform were used to generate paired-end raw reads. We deposited the 62 novel transcriptomes in BioSample. For analysis, we added to these 20 transcriptomes of P. brachytyla var.
complanata, and P. likiangensis vars. rubescens, likiangensis and linzhiensis available from a previous study (Ru et al. 2016) . Thus a total of 83 transcriptomes were used in analyses with average number of raw bases obtained per individual >6 Gb (Table S1 , Supplementary material).
READ MAPPING AND VARIANT CALLING
By controlling the Phred score, sequence length and percentage of ambiguous bases, raw reads were filtered using fastq_quality_trimmer (parameters -v -t 20 -l 30), fastq_quality_filter (-v -q 20 -p 90) and fastq_masker (-q 20 -v) elements of the FASTX Toolkit (from http://hannonlab.cshl.edu/fastx_toolkit/). Raw reads for each sample were mapped to the reference transcriptome of P. abies (Nystedt et al. 2013 ) using BWA-MEM ver. 0.7.10 ). Possible fungal transcripts in the P. abies transcriptome were deleted (Delhomme et al. 2015) , and only the longest transcript of each gene was retained.
Reads were sorted in BAM format using SAMTOOLS ver. 0.1.19 ) with duplicate reads marked by Picard tools (version 1.106) and excluded from further analysis. Genotypes and single-nucleotide polymorphisms (SNPs) were called using READS2SNPS v2.0 (Tsagkogeorga et al. 2012; Gayral et al. 2013) . The minimum read depth was set to 10, minimum mapping quality to 20, minimum base quality to 20 and the number of threads to 10. When the posterior probability of the best-supported homozygote or heterozygote was This article is protected by copyright. All rights reserved. below 0.95, the base was treated as missing. After deleting sites with missing bases in all 83 individuals, 4743 loci without missing bases remained ( Table 2) . Tests of Hardy-Weinberg equilibrium implemented in vcftools0.1.12b (Danecek et al. 2011) were used on these loci to filter out polymorphic sites that deviated significantly (P < 0.05). A total of 3646 loci with length > 200 bps and at least one polymorphic site was retained for further analysis (Table   2 ).
ANALYSES OF NUCLEOTIDE DIVERSITY AND CLUSTERING
To examine nucleotide diversity and skew of the site frequency spectrum, we computed the number of segregating sites (S), π per site (Nei 1987 ), Tajima's D (Tajima 1989) , Fay and Wu's H (Fay & Wu 2000) for each taxon in turn. We used the maximum frequency of derived mutation (MFDM) method to test the neutrality of the frequency spectrum for each locus (Li 2011) with homozygous bases in the transcriptome of P. breweriana used to determine ancestral states.
Individual-based clustering analysis was conducted using the maximum-likelihood approach implemented in ADMIXTURE ver. 1.23 (Alexander & Lange 2011). The data file was converted using VCFTOOLS ver. 0.1.12b and PLINK ver. 1.07 (Purcell et al. 2007; Danecek et al. 2011 ) and cross-validation was used to explore convergence and determine the optimum number of clusters (K, from 1 to 10, with the optimum K value indicated by lowest crossvalidation error). One hundred datasets were generated using random sampling with replacement to calculate the confidence bounds of Q-values for each individual tree.
To determine the evolutionary relationships among all four taxa, we used FASTSIMCOAL2 (Excoffier et al. 2013) to compare different evolutionary models based on the site frequency spectrum (SFS) and coalescent simulations. We performed 200,000 simulations to calculate the expected SFS using the infinite site model (-I) and 200 ECM cycles to estimate parameters with the highest likelihood for each possible divergence model and the reticulation model that allowed gene flow among taxa after secondary contact ( Fig. 2 and Text S1). The reticulate evolutionary model included 19 parameters (Text S1): the effective population size for each taxon and their ancestral population, 12 migration rate parameters for each pair of taxa, time of initial division (T DIV ), and time of secondary contact (T SC ). We also computed the relative T SC as T SC / T DIV . The stopping criterion in parameter optimization was set to 10 -5 . We collapsed all SFS entries less than 5 into a single category (-C5 of fastsimcoal2) with number of monomorphic sites considered. The mutation rate was set to 4 × 10 -8 substitutions per site per generation (De La Torre et al. 2017), and 50 years per generation was assumed (Li et al. 2010) . AIC values for all models were computed and used to determine the best model. We estimated parameters in this best model and the standard deviations by setting variable "C" parameters from 1 to 20.
TESTING INTROGRESSION PATTERNS BETWEEN EACH PAIR OF TAXA
Although gene exchange had been reported among the four taxa of the P. likiangensis species complex, the frequency and timing of such introgression remain unknown. We carried out a statistical comparison of four models of introgression during speciation ( Fig. 3) for each of the six possible pairs of taxa. The four models included, (i) complete isolation (CI), (ii) continuous migration (CM), (iii) introgression during primary contact (PC), and (iv) introgression following secondary contact (SC).
Each of the four models included the division of an ancestral population with population size N A into two daughter populations with population sizes N 1 and N 2 at time T. In the CI model, hybridization between the two daughter populations was prohibited. In the CM and PC models gene flow occurred after division, continuing to the present time in the CM model, but stopping at time Tpc in the PC model. In the SC model, secondary gene flow occurred from Tsc to the present time following an intial allopatric phase.
For each pair of taxa, we computed the likelihoods of the observed SFS underlying the four models using FASTSIMCOAL2 (Excoffier et al. 2013) . For each of the four models, we 
TESTING GENE FLOW USING A MODIFIED ABBA-BABA TEST
The ABBA-BABA test provides a powerful means for detecting inter-taxon gene flow by examining excess allele sharing between two taxa (L 1 and L 2 ), utilizing a sister taxon (L 0 ) that is more closely related to one of them. A high level of gene flow between L 1 and L 2 relative to between L 0 and L 2 would lead to a positive ABBA-BABA statistic, given that derived alleles in L 2 matched derived alleles in L 0 and L 1 with equal probability (Durand et al. 2011; Martin et al. 2015) . However, the original formulae of the test assume a phylogeny with dichotomous topology, which was rejected here. Thus, we extended the test to accommodate a radiation divergence scenario with four taxa and an outgroup-species (here P. breweriana) used to determine the ancestral nucleotide state. We assumed that SNPs were genotyped in P. brachytyla var. complanata (L 1 ), and P. likiangensis vars. likiangensis (L 2 ), linzhiensis (L 3 ) and rubescens (L 4 ) and denote the observed frequency of SNP i in taxon L j as p ij . Because we used only homozygous bases in P. breweriana's transcriptome, the observed frequency of SNP i in P. breweriana would be zero and was reduced in the following expressions.
The positive statistic DIJ represents excess allele sharing between taxa L I and L J , indicating inter-taxon gene flow. We tested the significance of DIJ statistics for each pair of taxa employing a jackknife bootstrap test using density distributions. In this test, 1000 pseudoreplicates from the original dataset were generated by the jackknife algorithm, and DIJ values on the basis of each pseudo-replicate were computed using custom R scripts. The R scripts used for this are available online (Script S1 and S2 in Supplementary material).
According to the calculated DIJ values and density distributions, loci with positive DIJ values higher than the 97.5% quantiles were identified as introgressed between taxa L I and L J .
Having detected loci showing signals of introgression in this way, we computed population differentiation (Φ ST ) between each pair of taxa using PopGenome (Excoffier et al. 1992; Pfeifer et al. 2014) , at each of these loci, and then compared values of Φ ST between different taxon pairs. Such comparisons were used to examine whether introgression between two taxa at a particular locus resulted in higher divergence of the introgressed taxon from a third taxon of the complex at this locus than at other loci. BLAST2GO (Conesa et al. 2005 ) was used to annotate the possible functions of putatively introgressed genes, while FLOR-ID (Bouché et al. 2016 ) was employed to examine the orthology of some of these genes to flowering-time genes in Arabidopsis thaliana.
Results
VARIANT CALLING, GENETIC DIVERSITY AND CLUSTERING
RNA-seq produced an average of 53.49 million (M) raw reads with an average of 4.73 gillion (G) clean bases for each sampled individual of the P. likiangensis species complex, and 90.68 M raw reads with 6.48 G clean bases for the one sample of P. breweriana (Table S1) Genetic clustering of the 82 individuals using ADMIXTURE showed that the crossvalidation error was lowest when the number of genetic clusters (K) was 4. With K = 4, most individuals of a taxon were assigned to a particular genetic cluster representing that taxon ( Fig. 1) , thus showing consistency with the morphologically-based classification of taxa (Fu et al. 1999 ). However, 18 individuals (22% of the total) showed significant signals of admixture (Q-values < 0.99; Bootstrap test, P < 0.05; Fig. 1 ) and therefore were taken to be hybrids. Five of these were hybrids between var. complanata and var. likiangensis, three were hybrids between var. complanata and var. linzhiensis, six were hybrids between var. likiangensis and var. rubescens, and four were hybrids between var. linzhiensis and var. For all four taxa, a comparison between reticulate and tree-like models of divergence showed that the AIC value of the reticulate model (Fig. 2) was the lowest (Table 3 ), suggesting that secondary contacts occurred after the four taxa diverged from the common ancestor of the P. likiangensis species complex. This initial divergence time (T DIV ) was dated to 2.75 (± 0.03) million years ago (Mya), during the late Pliocene period, while the time of initial secondary contact between taxa (T SC ) was dated to 0.77 Mya, i.e., during the mid-Pleistocene, with relative T SC (the relative timing of secondary contacts to divergence time, T SC / T DIV ) estimated to be 0.28 (± 0.3) ( Table 4 ). The maximum effective population size (Ne) of var. rubescens (45,939 ± 15,840) and minimum effective population size in var. linzhiensis (10,685 ± 104) were consistent with previous estimations for these taxa (Li et al. 2013) . The
Ne of the ancestral population was estimated to be 50,163 (± 6106) ( Table 4 ).
In the reticulate model, the estimated immigration rate into any taxon from the three other taxa combined was higher than one individual per generation during the period of secondary contact (Table 4b ). In addition, our results indicate highly asymmetric gene flow between some taxon pairs. For example, the mean migration rate from var. likiangensis to var. complanata was higher than in the reverse direction. Furthermore, gene flow from vars. likiangensis and linzhiensis into other taxa was greater than that from var. complanata and var. rubescens into other taxa, although corresponding standard deviations were very large (Table 4a ).
INTROGRESSION PATTERNS BETWEEN EACH PAIR OF TAXA
For each of the six pairs of taxa, we tested for patterns of introgression using coalescent simulations. The Secondary Contact (SC) model (Fig. 3) had lower AICs than the Complete Isolation (CI), Continuous Migration (CM) and Primary Contact (PC) models for each taxonpair and each "C" parameter value (Table S2) , indicating again that a period of secondary contact occurred between all four taxa during the history of the P. likiangensis species complex. Although, in the SC model the estimated divergence time between var. linzhiensis and var. likiangensis was smaller than those between var. linzhiensis and either var. complanata or var. rubescens, more recent divergence times were evident between var.
likiangensis and both var. complanata and var. rubescens, indicating that times of initial divergence between each pair of taxa were similar and unordered (Table S3 ).
INTER-TAXON GENE FLOW AND TAXON DIFFERENTIATION
Analysis by means of modified ABBA-BABA statistics and jackknife tests of signicance showed that gene flow between vars. complanata and likiangensis (D12 = 0.288) and between vars. linzhiensis and rubescens (D34 = 0.098) was significant (Fig. 4) . By comparing the density distribution and DIJ values of all 3646 loci, we identified a total of 3314 genes that showed signals of introgression between each of 6 taxon pairs. Following this, we examined the frequency-dynamics of such introgressed alleles by comparing taxon differentiation (Φ ST ) per locus between each pair of taxa in turn (Fig. 4) . When Φ ST between vars. linzhiensis and complanata was compared with Φ ST between vars. linzhiensis and likiangensis, it was evident that 32 genes, showing signals of introgression between vars. complanata and likiangensis, were located in the highest 5% tail of taxon differentiation between vars. complanata and linzhiensis and also in the highest 5% tail of taxon differentiation between vars. likiangensis and linzhiensis. This indicates that these 32 alleles occur at high frequencies in both vars. complanata and likiangensis as a result of introgression between these two taxa. Moreover, because of this, both taxa are highly differentiated from var. linzhiensis which may contain the same alleles at either low frequency or not at all. Thus, it is apparent that in this case introgression most likely resulted in an increase in divergence of the introgressed pair (var. complanata and var. likiangensis) from var. linzhiensis. Similarly, significant gene flow between var. linzhiensis and var.
rubescens likely resulted in this taxon pair becoming highly differentiated from var. complanata at 24 putatively introgressed loci between var. linzhiensis and var. rubescens.
We annotated the functions of 53 of these putatively introgressed genes (Table S4 ) and found that three were highly orthologous to certain genes involved in flowering time in Arabidopsis (identified by FLOR-ID with E-value >5), suggesting that they might, in turn, be involved in controlling flowering time differences and therefore prezygotic reproductive isolation among the four taxa comprising the P. likiangensis complex (Table S4 ).
Discussion
Our population genomic analysis combined with tests of different evolutionary scenarios using coalescent simulations indicated that the Picea likiangensis complex, comprising three varieties of P. likiangensis (vars. likiangensis, linzhiensis, and rubescens) and one variey of P. brachytyla (var. complanata), originated rapidly at the end of the Pliocene and beginning of the Pleistocene. Following an initial allopatric phase, our analyses indicate that the four taxa came into secondary contact during the mid-Pleistocene and that their divergence, thereafter, has been influenced by hybridization and gene exchange (see Leroy et al. 2017, for a similar example of allopatric divergence followed by secondary contact among oaks).
Signatures of high levels of gene flow were evident between vars. rubescens and linzhiensis
and between vars. complanata and likiangensis that would explain the incongruent phylogenetic relationships resolved among the four taxa in previous studies (Li et al. 2013; Ru et al. 2016) . Importantly, our analyses indicated that some introgressed alleles reached high frequencies in certain taxon pairs (vars. complanata and likiangensis, and vars.
rubescens and linzhiensis, respectively) causing both taxa of such pairs to show increased divergence when compared with other taxa of the complex in which the same alleles were at low frequency or absent. To our knowledge, this is the first study to show that hybridization during secondary contacts can promote differentiation among multiple related taxa as a result of introgression occurring between particular taxon pairs within a complex.
RAPID DIVERSIFICATION AND RETICULATION
Rapid diversification giving rise to an evolutionary radiation has traditionally been inferred from a phylogenetic pattern where the number of DNA substitutions accumulated among taxon sequences is small causing branching to be compressed and nodes often poorly supported (Richardson et al. 2001) . However, such poorly resolved or unresolved phylogenies can also arise from hybridization and introgression (Szöllősi et al. 2015) . Indeed, evidence for hybridization among taxa has been detected in some groups where evolutionary radiations have occurred (Comes & Abbott 2001; Seehausen 2004; Wan et al. 2014; Lamichhaney et al. 2015) . Therefore, it is necessary to consider the possible effects of hybridization and gene flow when investigating the diversification of groups of closely related taxa.
Using the P. likiangensis species complex as a case study, we tested which evolutionary model best explained its origin and evolution. We concluded that following an initial phase of rapid divergence in allopatry, the evolution of the four taxa within this complex was influenced by hybridization and gene flow based on the following evidence. First, approximately 22% of the 82 trees examined in the complex were identified as hybrids (or backcross descendents) according to ADMIXTURE analysis. These putative hybrids occurred in regions where the distributions of different taxa were adjacent or overlapped, indicating that different pairs of taxa hybridize when in contact. Second, a comparison of possible evolutionary relationships among all four taxa showed that a reticulate model involving initial divergent radiation followed by secondary contact and gene exchange among taxa was best supported (Fig. 2, Table 3 ). Third, coalescent simulations for each pair of taxa consistently suggested that models allowing gene flow between taxa were better supported than a model assuming complete isolation (CI, Fig. 3 ). Furthermore, a model assuming secondary contact (SC, Fig. 3) following an initial period of allopatric divergence was better supported (Table S2) , than those assuming continual migration (CM, Fig. 3 ) or initial divergence with gene flow followed by complete isolation (Primary Contact, PC, in Fig. 3 ).
Analyses using modified ABBA-BABA statistics showed significant signatures of gene flow had occurred between vars. rubescens and linzhiensis and between vars. complanata and likiangensis, respectively (Fig. 4) . Generally, it is assumed that gene flow will lead to a reduction of population differentiation between related taxa in areas of overlap and gene exchange (Abbott et al. 2013; Arnold 2015) . However, it is feasible that such gene flow could increase the divergence of a hybridizing taxon pair from other taxa in a complex at loci where introgression has occurred. Our results showed this was the case for 32 genes introgressed between vars. complanata and likiangensis. For these genes this pair of taxa showed significantly increased divergence from var. linzhiensis. Similarly, for 24 genes introgressed between vars. rubescens and linzhiensis, these taxa showed significantly increased divergence from var. likiangensis (Fig. 4) . Because our coalescent simulations indicated that the major direction of introgression was from var. likiangensis to var. complanata in this pair of taxa, and from var. linzhiensis into var. rubescens in this taxon pair (Table 4) , it seems that introgression from var. likiangensis will have increased the divergence of var. complanata from var. linzhiensis, while introgression from var. linzhiensis has elevated divergence of var. rubescens from var. likiangensis. Although the functions of these introgessed genes within the complex require detailed analysis, we found that three of them were orthologous to those involved in the control of flowering time in A. thaliana (Table S4 ). It is possible, therefore, they are similarly involved in controlling differences in flowering time within the P. likiangensis complex and consequently might play a partial role in the evolution of prezygotic reproductive isolation between taxa. In summary, our results are consistent with the hypothesis that gene flow occurring among taxa comprising the P. likiangensis complex will have greatly influenced their pattern of divergence.
EVOLUTION OF THE P. LIKIANGENSIS SPECIES COMPLEX
We dated the origin and initial divergence of taxa within the P. likiangensis complex to the late Pliocene, 2.75 (± 0.03) Mya, which is broadly consistent with a previous estimate of 2.05-5.2 Mya based on population variation for 13 nuclear genes (Li et al. 2013 ). According to palynological records, Picea pollen was widespread in the Hengduan and Himalayan mountain regions from the Pliocene into the Pleistocene (Lü et al. 2001; Jiang et al. 2010; Xu et al. 2010) . Therefore, the ancestor of the P. likiangensis complex might have been widely distributed in this region before undergoing rapid divergence and speciation over a relatively short timescale triggered by climatic shifts and possible geographical changes occurring during the Pliocene-Pleistocene period (Spicer et al. 2003; Clark et al. 2005; Wang et al. 2012; Wang et al. 2014a; Wang et al. 2014b ). According to our analysis, this divergence most likely occurred initially under conditions of spatial population isolation and therefore in the absence of gene flow as assumed in the SC model (Figs. 2, 3) . Under such conditions of allopatry, isolated populations may have diverged rapidly in response to selection for adaptation to different ecological niches and the effects of genetic drift (Li et al. 2013; Wang et al. 2017) .
Initial secondary contact among the four taxa was dated to approximately 0.77 (± 0.10) Mya (Table 4) , coinciding with the start of the major glacial cycles during the Pleistocene (Elderfield et al. 2012; Martínez-Botí et al. 2015) . The relative distributions of the different taxa are likely to have been markedly affected by Pleistocene climatic oscillations causing taxa to come into secondary contact at different times allowing hybridization and gene exchange to occur (Arnold 2016). Previous studies of the P. likiangensis complex indicated that changes in the distributions of taxa most likely occurred in response to climate change during recent glacial cycles (Li et al. 2013; Sun et al. 2015) . Such cycles, beginning in the mid-Pleistocene, are likely therefore to have played a critical role in shaping the reticulate evolution of the P. likiangensis species complex.
Our coalescent estimations suggest that gene exchange among the four taxa continued over a lengthy period, approximately 0.77 million years, representing 28% of the period after the taxa first diverged from each other (Table 4 ). Theory predicts that some alleles would be fixed or increase to high frequencies within different taxa over such a timescale by random drift and/or other evolutionary drivers (Durrett 2008) . Pairwise comparisons between taxa showed divergence among taxa was not elevated by the introgression of many alleles, with introgression restricted to areas of parapatry ( Fig. 1 and 4) . Nonetheless, some introgressed alleles showed high levels of divergence among certain taxon pairs (Fig.   4 ), indicating that introgression of these alleles had contributed to divergence within the complex (see above). Although the MFDM test showed no obvious signal of selection for each introgressed gene, a recent investigation proposed that uncertainty in the inference of derived states from one outgroup may lead to low accuracy in detecting such signals (Keightley et al. 2016) . Consequently, detailed investigations of selection are required to determine whether or not introgressed alleles that contributed to divergence have been subject to selection.
Our refined understanding of reticulate relationships among the four taxa comprising the P. likiangensis complex helps shed new light on the origin of variation in density of leaf stomatal lines within the complex, which might be critical for adaptation to past and future changes in environmental moisture level (Beerling & Kelly 1997; Chen et al. 2017) . Whereas vars. rubescens, likiangensis and linzhiensis of P. likiangensis show a reduced density of stomatal lines on the abaxial surfaces of leaves, they are completely absent from leaves of P. brachytyla var. complanata. Ru et al. (2016) previously suggested that adaptive introgression may have caused the trait to be absent in var. complanata (Ru et al. 2016) , however the secondary contact model supported by the present population genomic analysis suggests that variation in density of stomatal lines on the abaxial surfaces of leaves could have been present among ancestral populations that gave rise to the four taxa. Thus, the loss of stomatal lines from leaves in extant populations of var. complanata could have arisen at an early stage in the formation of the four taxa and before they came into secondary contact approximately 0.77 Mya.
In summary, our study has shown that a population genomic analysis combined with coalescent simulations provides a powerful means of statistically detecting signals of reticulate evolution and distinguishing between this type of evolution and a tree-like pattern within closely related groups of taxa. In particular, our analysis has provided a deeper understanding of the reticulate relationships among the four taxa comprising the P. Note: model AB_CD indicates that the divergence time between varieties A and B was more recent than divergence between C and D; model AB_C_D indicates that the first divergence event in coalescent time occurred between A and B, as shown in the topology. Table 4a . Estimated parameters of the reticulate evolutionary model illustrated in Figure 2 . A generation time of 50 years (y) per generation (g) was assumed.
to one or another cluster (genetic group). Individuals with Q-values < 0.99 (bootstrap test, P < 0.05) are indicated by solid circles and considered to be hybrids. indicates the divergence time of the four taxa at T DIV , when the four taxa diverged from an ancestral population with size N anc . The middle layer indicates the time (T SC ) that secondary contact was initiated among taxa. Arrows indicate genetic exchange among taxa from initial secondary contact (T SC ) to the present. For each pair of taxa, two free migration parameters in different directions are assumed, indicating 12 parameters in the migration matrix (Text S1). Current population sizes of the four taxa are represented by N COM , N LIK , N LIN and N RUB . 3, 4) . For each pair of taxa, 1000 jackknife replicates were used to generate each density distribution, where the broken lines indicate the 95% confidence intervals and solid triangles denote observed value for each pair (shown on left side of each panel, A-F). For each pair of taxa, we also computed the Φ ST per locus and then plotted values for a particular taxon pair against another pair where one taxon was common to both pairs while the other two taxa involved were different (shown on right side of each panel, A-F). This was done for both putative introgressed loci (blue squares) and non-introgressed loci (black crosses). Thus, in panel A the plot is shown of values of Φ ST per locus for var. likiangensis verus var. linzhiensis against Φ ST values for var. complanata versus var. linzhiensis. Broken lines within each plot represent the 95% Φ ST -quantiles for all loci. Blue integers represent the number of putative introgressed loci for which Φ ST is higher than 95% Φ ST -quantiles in two dimensions.
